test hypotheses of how microbial diversity and productivity may have varied as environmental 1 0 0 conditions changed through Earth history. that microbial community composition, as well as the magnitude and metabolic drivers of 1 1 0 primary productivity, varies along the spring flow. To begin testing this hypothesis and to 1 1 1 provide a baseline description of the geochemistry and microbiology of this site in support of 1 1 2 future investigation, we performed geochemical measurements, 16S rRNA amplicon sequencing, 1 1 3 and genome-resolved metagenomic sequencing to recover draft genomes of diverse novel 1 1 4 microbial lineages that inhabit Jinata Onsen. Prefecture, Japan. Shikinejima is part of the Izu Islands, a chain of volcanic islands that formed Five sites were sampled at Jinata Onsen: the Source Pool, Pool 1, Pool 2, Pool 3, and the 1 2 5
Outflow (Figure 1, Figure 2 ). During the first sampling trip in January 2016, two whole 1 2 6 community DNA samples were collected from each site for 16S rRNA amplicon sequencing. During the second sampling trip, additional DNA was collected from the Source Pool and Pool 2 1 2 8 for shotgun metagenomic sequencing along with gas samples for qualitative analysis. Samples for quantitative gas analysis were collected in October 2017 and April 2018. Samples were collected as mineral scrapings of loosely attached, fluffy iron oxide coating 1 3 1 Figure 1 ) demonstrates that samples from the same site are highly similar, and adjacent sites (e.g. there is a substantial transition in microbial community diversity between the most distant Shotgun metagenomic sequencing of four samples from Jinata Onsen recovered 121 GB 3 3 2 of data, forming a 1.48 Gb coassembly consisting of 1,531,443 contigs with an N50 of 1,494 bp. Nucleotide composition and differential coverage-based binning of the coassembly via multiple 3 3 4 methods followed by dereplication and refinement resulted in a final set of 161 medium-or high-3 3 5 quality metagenome-assembled genomes (MAGs) following current standards (i.e. completeness 3 3 6 >50% and contamination <10%) (7) . These MAGs are from diverse phyla of Bacteria and to their potential contribution to primary productivity at this site or due to substantial genetic or 3 4 0 metabolic novelty are discussed in depth below and shown in phylogenetic trees alongside As Jinata spring water flows from source to ocean, it transitions from hot, low-oxygen, 3 4 5 high-iron water to cooler, iron-depleted, oxygen-rich water in downstream regions ( Figure 3 ).
4 6
Following this geochemical transition is a major shift in the composition of the microbial 3 4 7 community, from a high-temperature, putatively lithotrophic community which produces little 3 4 8 visible biomass upstream, to a lower temperature, community with well-developed, thick Supplemental Table 4 and relative abundance binned at the class level in 3 5 2 Supplemental Table 5 ). Below, we discuss the overall physiological and taxonomic trends across 3 5 3 the spring sites as inferred from diversity and genomic analysis. The hot spring water emerging at the Source Pool at Jinata contains abundant dissolved 3 5 6 Fe 2+ and trace H 2 (though measurements of gas content varied, as discussed above) (Table 1) . Although rates of carbon fixation were not measured, the appearance of zetaproteobacterial veils 3 5 8 and streamers and molecular evidence for lithoautotrophic microbes suggests that these electron oxidation (e.g. 130, Fuschna Spring, 44, and Jackson Creek, 96) Pool and 11.5% of reads in Pool 1). Members of this family of marine thermophilic lithotrophs 3 6 9 are capable of iron and hydrogen oxidation, as well as heterotrophy (118) and may be utilizing Pool samples is a novel sequence 89% similar to a strain of Persephonella found in an alkaline 3 7 2 hot spring in Papua New Guinea. Persephonella is a genus of thermophilic, microaerophilic from Jinata of which only one (J026) was reasonably complete (~94%). Two Aquificae MAGs 3 7 6 recovered Group 1 NiFe hydrogenase genes, which may be used in hydrogenotrophy; the 3 7 7 absence of hydrogenases from the other MAGs may be related to their low completeness, or 3 7 8 could reflect a utilization of iron or other electron donors and not H 2 in these organisms. The other most abundant organisms near the source are members of the organisms may play a substantial role in driving carbon fixation in the Source Pool and Pool 1. 63 °C. This currently represents a unique high-temperature environment for these organisms. In sequence that is 92% identical to a sequence from an uncultured zetaproteobacterium from a 3 9 0 shallow hydrothermal vent in Papua New Guinea (82). This sequence likely marks a novel 3 9 1 lineage of high-temperature iron-oxidizing Zetaproteobacteria. The relative abundance of Hydrogenothermaceae drops off to less than 1% of sequences concentrations are still significant ( Figure 3 ). It may be that the relative abundance change is due 3 9 6 more to the increase in abundance of other organisms, rather than a drop in the number of Zetaproteobacteria or their ability to make a living oxidizing iron. This hypothesis awaits While these MAGs did not recover 16S rRNA genes, RpoB-and concatenated ribosomal 4 0 7 protein-based phylogenies illustrated that members of this group at Jinata Onsen do not belong to and small subunits of rubisco, phosphoribulose kinase, or carboxysome proteins). The high 4 2 0 completeness of these MAGs (~94-97%) makes it unlikely that these genes would all fail to be 4 2 1 recovered (MetaPOAP False Negative estimates 10 -5 -10 -7 ). The absence of carbon fixation 4 2 2 pathways from these genomes together with the availability of abundant dissolved organic 4 2 3 carbon in Pool 1 (~1.3 mM) suggest that these organisms may be heterotrophic, a lifestyle not previously observed for members of the Zetaproteobacteria. been isolated or sequenced, the best known of these is Caldithrix abyssi (84); this taxon was oxygenic photosynthesis fuels more net carbon fixation than lithotrophy in these environments.
Previously, it has been suggested that high ferrous iron concentrations are toxic to 4 6 1 Cyanobacteria, and that this would have greatly reduced their productivity under ferruginous 4 6 2 ocean conditions such as those that may have persisted through much of the Archean era (117). suggest that Cyanobacteria can adapt to ferruginous conditions, and therefore iron toxicity might test case for determining the ability of Cyanobacteria to adapt to high iron concentrations. Culture-based physiological experiments may be useful to determine whether Jinata 4 7 0
Cyanobacteria utilize similar strategies to other iron-tolerant strains (e.g. by those in Chocolate whether Jinata strains possess unique adaptations that allow them to grow at higher iron 4 7 3 concentrations than known for other environmental Cyanobacteria strains. This will in turn 4 7 4 provide insight into whether iron tolerance is due to evolutionarily conserved strategies or 4 7 5 whether this is a trait that has evolved convergently multiple times. In addition to the primary phototrophic and lithotrophic carbon fixers at Jinata, 16S 4 7 8 rRNA and metagenomic data sets revealed diverse novel lineages within the Chloroflexi phylum. Chloroflexi diversity recovered from Jinata belongs to "subphlyum I", a broad group of 4 8 6 predominantly nonphototrophic lineages that was originally described based on the class-or and concatenated ribosomal protein phylogenies, along with seven associated with Ca. MAGs is J036, a close relative of the phototrophic Ca. Roseilinea gracile (68, 119, 120). J036 contains a 16S rRNA gene that is 96% similar to that of Ca. Roseilinea gracile, and two-way 4 9 8 AAI estimates (97) showed 73.6% similarity between the two strains, indicating these strains are 4 9 9
probably best classified as distinct species within the same genus. Unlike other phototrophs in of the Anaerolineae+Thermofonsia clade, suggesting that these strains may instead be yet 5 0 6
another class-or order-level lineage within the broader "subphylum I" of Chloroflexi (Figure 7) , 5 0 7 an interpretation supported by analysis via GTDB-Tk which places these genomes outside of 5 0 8 characterized clades (Supplemental Table 6 ). The Chloroflexi class Ardenticatenia was first described from an isolate from an iron-rich 5 1 0 Japanese hydrothermal field (63) and has since been recovered from sulfidic hot springs as well indicates that the probability that all four steps in the canonical denitrication pathway would fail 5 1 7
to be recovered in J129 given their presence in the source genome is less than 0.8%, suggesting 5 1 8 that most if not all denitrification genes are absent and that the capacity for denitrification is not 5 1 9
universal within members of Ardenticatena. This would be consistent with broad trends in the 5 2 0 apparently frequent modular horizontal gene transfer of partial denitrification pathways between 5 2 1 disparate microbial lineages to drive rapid adaption and metabolic flexibility of aerobic 5 2 2 organisms in microoxic and anoxic environments, for reasons that are still not well established 5 2 3 (19, 113).
2 4
Members of the Chloroflexi class Caldilineae were present at up to 0.5% abundance at has been estimated to have occurred on the order of 1.7 billion years ago (102). The phylogenetic 5 4 0 placement of J114 suggests that it diverged from other members of subphylum I even earlier, and 5 4 1 it may be a good target for future investigation to assess aspects of the early evolution of the Calvin Cycle, suggesting the capacity for aerobic hydrogen-oxidizing autotrophy-a lifestyle not 5 4 6
previously described for members of the Chloroflexi. To our knowledge, this is the first overall geomicrobiological characterization of Jinata 5 5 0
Onsen, providing baseline descriptions of geochemistry and microbial diversity in order to 5 5 1 establish a series of testable hypotheses which can be addressed by future studies. We have also 5 5 2 provided genome-resolved metagenomics sequencing of this site focusing on members of the 5 5 3 microbial community predicted to be responsible for the bulk of primary productivity in this 5 5 4 system along with other organisms belonging to novel or under-characterized lineages. However, 5 5 5 this is just a subset of the diverse microbial populations at Jinata Onsen; many more MAGs from 5 5 6 across the tree of life were recovered than are discussed in detail here but which may be of use to others (Figure 4 , Supplemental Table 6 ).
8
The diversity of iron oxidizing bacteria at Jinata is different than in other Fe 2+ -rich Onsen in Akita Prefecture, Japan (130), and Budo Pond in Hiroshima, Japan (60), iron oxidation 5 6 1 is driven primarily by the activity of chemoautotrophs such as members of the Gallionellaceae.
6 2
In contrast, at Chocolate Pots hot spring in Yellowstone National Park, USA, iron oxidation is and carbon isotope profiling of organic and inorganic species along the flow path of the hot 5 7 5 spring will be necessary to fully characterize the activity of microbes at Jinata and to fully 5 7 6
compare this system to other areas with high dissolved ferrous iron concentrations (e.g. Oku-5 7 7
Okuhachikurou Onsen, 130, Fuschna Spring, 44, Jackson Creek, 96, and Chocolate Pots Hot Spring, 34, 123).
7 9
The relatively high concentrations of dissolved organic carbon (DOC) measured in Pool 1 5 8 0 (~1.3 mM) may stimulate heterotrophic activity by the microbial community at Jinata, coupled to 1. Future work is also needed to evaluate the potential for dissimilatory iron reduction and other 5 8 6 anaerobic metabolisms at this site. Throughout Earth history, the metabolic opportunities available to life, and the resulting 5 8 8 organisms and metabolisms responsible for driving primary productivity, have been shaped by (Ga), the atmosphere and oceans were anoxic (54), and the oceans were largely rich in dissolved 5 9 3 iron but poor in sulfur (124). At this time, productivity was low and fueled by metabolisms such 5 9 4 as methanogenesis and anoxygenic photosynthesis (14, 66, 135) . Following the expansion of 5 9 5 oxygenic photosynthesis by Cyanobacteria and higher primary productivity around the Great 5 9 6
Oxygenation Event ~2.3 Ga (20, 31, 128, 137) , the atmosphere and surface ocean accumulated 5 9 7 some oxygen, and the ocean transitioned into a state with oxygenated surface waters but often 5 9 8 anoxic deeper waters, rich in either dissolved iron or sulfide (13, 55, 56, 92) . At Jinata Onsen, Cyanobacteria around the GOE (20, 101, 106, 128, 135, 137) . hydrogen sourced from water/rock interactions (e.g. 51), and production of these substrates may to primary productivity, may therefore find application to predicting environments on Mars most 6 1 7 able to support productive microbial communities. can be found in Supplemental Table 6 ). a new type of phototrophic metabolism. Appl. Environ. Microbiol., 60(12) , pp.4517-4526. Springs. Front. Microbiol., 9. phototrophic Chloroflexus: primary production in anaerobic hot spring microbial mats. Arch. Microbiol., 147(1), pp.80-87. parameters. Biometrika, 40(3-4) , pp.237-264. vents. Int. J. Syst. Evol. Microbiol., 52(4) , pp.1349-1359. Basin. Int. J. Syst. Evol. Microbiol., 61(6) , pp.1436-1441. Natl. Acad. Sci., 108(34) , pp.14109-14114. 44. Hegler, F., Lösekann-Behrens, T., Hanselmann, K., Behrens, S. and Kappler, A., 2012. Anaerolineae. Genome Announcements, 3(6), pp.e01353-15. Chloroflexi class Ardenticatenia. Genome Announcements, 3(6), pp.e01347-15. Microbiol., 1(5), p.16048. On the energetics of chemolithotrophy in nonequilibrium systems: case studies of geothermal Paleoproterozoic detrital pyrite and uraninite. Geol. Soc. Am. Bull., , pp.813-830. photosynthesis modulated Proterozoic oxygen and sustained Earth's middle age.
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phylum 'Chloroflexi'isolated from an iron-rich coastal hydrothermal field, and description of 8 0 0
Ardenticatenia classis nov. Int. J. Syst. Evol. Microbiol., 63(8) , pp.2992-3002. bacteria and in hot spring microbial mats. Environ. Microbiol., 9(8) , pp.2067-2078. cyanobacterial mats: predominant populations and their functional potential. ISME J., 5(8), Jalview Version 2-a multiple sequence alignment editor and analysis discarded; all phyla that do not make up more than 2% of the community at any one site have Supplemental Table 4 . Supplemental Table 6 . Dehalococcoidia, which was not observed in 16S rRNA or metagenome data from Jinata, is High-and medium-quality metagenome-assembled genomes (MAGs) (>50% completeness and 1 1 1 9 <10% contamination) recovered from Jinata Onsen. Predicted taxonomy based on placement in 1 1 2 0 reference phylogeny as presented in Figure 4 and by GTDB-Tk (90). Optimal growth 1 1 2 1 temperatures predicted following methods from (78). Presence of genes involved in aerobic respiration, hydrogen-and iron-oxidation, and carbon 1 1 2 5 fixation in MAGs discussed in the text. 
